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ABSTRACT 
The use  of neutron radiographs t o  determine dimensional changes of 
h e a t  t r a n s f e r  gaps i n  c y l i n d r i c a l  nuc lear  fue l ed  capsules  i s  described, 
A method was developed which involves  scanning a  very  f i n e  gra ined  neu- 
t r o n  radiograph negat ive  wi th  a  record ing  microdensi tometer ,  The output  
of t h e  densi tometer  is  recorded on graph paper and t h e  h e a t  t r ans fe r  gap 
is  p l o t t e d  a s  a  w e l l  def ined  o p t i c a l  d e n s i t y  change. Ca l ib ra t ion  of the 
recording microdensitometer r a t i o  arms permits  measurements t o  b e  made 
of t h e  h e a t  t r a n s f e r  o p t i c a l  d e n s i t y  change from t h e  microdensitometer 
t r a c e .  T o t a l  h e a t  t r a n s f e r  gaps,  measured by t h i s  method, agree  w i t h  
t h e  phys i ca l  measurements w i t h i n  k0.005 cm. 
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SUMMARY 
The use  of neutron radiographs t o  determine dimensfonal changes  of 
h e a t  t r a n s f e r  gaps i n  c y l i n d r i c a l  nuc lea r  fue led  capsules  1s described, 
A high r e s o l u t i o n  neutron radiograph of t h e  nuc lear  fue led  "capsule  was 
obtained u t i l i z i n g  a beam of thermal neutrons from t h e  NASA, 60 meg,iir,rarr, 
Plum Brook Reactor F a c i l i t y .  The neutron radiograph was scanned by a re- 
cording microdensitometer whose output  was p l o t t e d  on graph paper ,  The 
graph ica l  r e p r e s e n t a t i o n  of t h e  l i g h t  t ransmi t tance  of t h e  radiograph 
nega t ive  presented t h e  h e a t  t r a n s f e r  gap a s  a w e l l  def ined  o p t i c a l  den- 
s i t y  change, wi th  a maximum a t  t h e  inne r  w a l l  of t h e  containment can and 
a minimum a t  t h e  o u t e r  w a l l  of t h e  c lad  f u e l  p in .  A va lue  was obtained 
f o r  each increment on t h e  graph paper by c a l i b r a t i n g  t h e  micuodensitom- 
e t e r  r a t i o  arms us ing  p r e c i s i o n  s c a l e s .  L inear  measurements between t h e  
maximum and minimum dens i ty  were made from t h e  t r a c e s  us ing  a 7X o p t i c a l  
comparator wi th  a s c a l e  d iv ided  i n  0.0127 cm increments.  
Measurements us ing  t h i s  technique agreed wi th  phys i ca l  measurments  
of t h e  t o t a l  h e a t  t r a n s f e r  gap w i t h i n  k0.005 cm over  a range of gaps  from 
0.061 t o  0.178 cm. This i n v e s t i g a t i o n  was l i m i t e d  t o  l e s s  than  10 per- 
cent  U-235 enriched uranium n i t r i d e  f u e l  p e l l e t s  i n  a hafnium-tungsten- 
tantalum a l l o y  c lad  and sea l ed  i n  a s t a i n l e s s  s t e e l  can, 
Ins t rumenta t ion ,  such a s  s t a i n l e s s  s t e e l  sheathed thermocouples, 
were found t o  i n t e r f e r e  wi th  t h e  measurements descr ibed  i f  they were 
routed through t h e  h e a t  t r a n s f e r  gap a r e a  a s  seen  on t h e  neut ron  radio- 
graph. 
INTRODUCTION 
The development of space power r e a c t o r  technology r e q u i r e s  Inspec- 
t i o n  of many i r r a d i a t e d  nuc lea r  f u e l  p ins .  Neutron radiography i s  f ind-  
i n g  increased  a p p l i c a t i o n  i n  t h i s  f i e l d ,  s i n c e  it can p i c t o r i a l l y  show 
f u e l  swe l l i ng ,  c racking ,  and dimensional changes ( r e f s .  1 t o  4). These 
observat ions can b e  made dur ing  t h e  course  of i r r a d i a t i n g  experiments 
without  specimen d e s t r u c t i o n ,  
Accurate measurements of c y l i n d r i c a l  specimens a r e  d i f f i c u l t  to ob- 
t a i n  ( r e f s .  5 and 6 )  by radiography,  s i n c e  t h e  v a r i a t i o n  i n  specimen 
th i ckness ,  ac ros s  t h e  diameter of t h e  cy l inde r ,  causes a corresponding 
o p t i c a l  d e n s i t y  v a r i a t i o n  i n  t h e  radiograph negat ive ,  The nuc lear  f u e l  
p ins  used i n  t h i s  s tudy  a r e  cons t ruc ted  w i t h  a h e a t  t r a n s f e r  gap between 
t h e  c lad  nuc lea r  f u e l  and t h e  o u t e r  c y l i n d r i c a l  con ta ine r .  Neutron 
radiography was used i n  t h i s  i n v e s t i g a t i o n  a s  a  nondes t ruc t ive  method of 
obseming and measuring t h e  h e a t  t r a n s f e r  gaps of nuc lear  fue l ed  capsules  
during i r r a d i a t i o n .  
This r e p o r t  desc r ibes  a  technique f o r  measuring h e a t  t r a n s f e r  gaps 
from neutron radiographs.  The method used involves  scanning t h e  radio-  
graph nega t ive  wi th  a  record ing  microdensitometer t o  o b t a i n  a  t r a c e  of 
the o p t i c a l  d e n s i t y  v a r i a t i o n  across  t h e  diameter of t h e  capsule .  The 
o p t i c a l  d e n s i t y  change r ep resen t ing  t h e  gap i s  measured from t h e  micro- 
densl tometer  t r a c e  and r e l a t e d  t o  t h e  phys i ca l  measurement. Heat t r ans -  
fer  gaps  from 0.061 t o  0,178 cm have been dete-rmined by t h i s  technique 
and agree  wi th  preassembly physical. measurements t o  +0,005 cm, 
EXPERIMENTAL EQUIPMENT 
The Plum Brook Reactor 
The Plum Brook Reactor is operated by t h e  Nat iona l  Aeronaut ics  and 
Space Adminis t ra t ion ' s  Lewis Research Center a t  i t s  Plum Brook S t a t i o n  i n  
Sandusky, Ohio. The r e a c t o r  is  a p re s su r i zed ,  l i g h t  water  moderated, 
60 megawatt t e s t  r e a c t o r .  Figure 1 shows t h e  r e a c t o r  co re ,  a  3  x 9 a r r a y  
of highly enriched uranium f u e l  e lements ,  l oca t ed  approximately 
4 , s  meters  below grade i n s i d e  t h e  r e a c t o r  p re s su re  tank.  The fue l ed  core  
is  surrounded on four  s i d e s  by a  bery l l ium r e f l e c t o r ,  t h e  south  s i d e  con- 
t a in ing  a  4 x 8 element bery l l ium a r r a y  f o r  experimental  usage. 
The r e a c t o r  p re s su re  tank is  enclosed i n  h igh  d e n s i t y  conc re t e  and 
surrounded by four  8.2 meter  deep quadrants ,  A ,  B ,  C ,  and D.  Quadrants 
A ,  C, and D a r e  normally f i l l e d  w i t h  water  f o r  b i o l o g i c a l  s h i e l d i n g .  
Quadrant B is  normally d ry  wi th  t h e  r e a c t o r  a t  power, s h i e l d i n g  be ing  
provided by 2.7 meters of high d e n s i t y  concre te .  The neutron beam used 
f o r  radiography is ex t r ac t ed  from t h e  west s i d e  of t h e  south  bery l l ium 
r e f l e c t o r  s e c t i o n .  
The Neutron Radiograph F a c i l i t y  
A ske tch  of t h e  neutron radiograph f a c i l i t y ,  viewed south  t o  no r th ,  
i s  shown i n  f i g u r e  2. The major components of t h e  f a c i l i t y  a r e :  (1) t h e  
LTA-I thimble (neutron beam e x t r a c t i o n  tube ) ,  (2) t h e  d ive rgen t  neutron 
co l l imator  ( r e f .  7 ) ,  (3) t h e  w a t e r t i g h t  sample ho lde r  a t  t h e  r e a r  of t h e  
c o l l i m a t o r ,  and (4)  t h e  w a t e r t i g h t  f o i l  c a s s e t t e  l oca t ed  i n s i d e  of t h e  
sample holder .  
The neutron beam is  ex t r ac t ed  from t h e  co re  a t  ITA-1 by a  15.5 cm 
i . d ,  aluminum thimble 1.6 meters  long. The thimble i s  bo l t ed  t o  a  
f langed pene t r a t ion  on t h e  r e a c t o r  p re s su re  tank i n  quadrant A.  The 
core  end of t h e  tube  is  w i t h i n  1.27 cm of t h e  west s i d e  of t h e  r e f l e c t o r  
s e c t i o n  and i s  closed by a  f l a t  aluminum p l a t e .  The quadrant end of t h e  
thimble is sea led  by an aluminum f lange .  Normally the  thimble 1s f ~ ~ l l e d  
wi th  helium a t  68 900 newton/meter2 pressure  during r e a c t o r  power cycles, 
The thimble i s  f looded wi th  water  t o  provide b i o l o g i c a l  shielding during 
r e a c t o r  shutdown when t h e  quadrant i s  drained.  
The neutron co l l imator  ( f i g .  3) i s  a  4.57 meter long ,  d*vergentc 
type ,  aluminum co l l ima to r  pressur ized  wi th  helium t o  68 900 n e ~ t s n l r n e t e : ~  
t o  prevent  d i s t o r t i o n  from t h e  quadrant water  pressure .  The co l l imasor  
en t rance  window is  2.54 cm square and 0.635 cm th i ck .  The 0,953 cn~ 
t h i c k  e x i t  window has a  viewing a r e a  7.62 by 76.2 em, The co l l imaf  *on. 
f a c t o r  L/D i s  180. The en t rance  window of t h e  co l l ima to r  butts f l u s h  
aga ins t  t h e  ITA-1 thimble e x i t  f l ange ,  Bolted t o  t h e  rear of the  c o l l a -  
mator 5 s  a  r e c e i v e r  which accepts  and p o s i t i o n s  t h e  sample ho lder  f o r  
radiography. 
The w a t e r t i g h t  sample holder  ( f i g .  4) i s  a  12.2 by 12.2 by lL5e57 cm 
box cons t ruc ted  of aluminum. The box has a  7.62 cm deep double bottom 
which is  f i l l e d  wi th  l ead  sho t  f o r  b a l l a s t .  On t h e  r e a r  a r e  f o u r  s ta ia -  
l e s s  s t e e l  l e a f  sp r ings  which hold t h e  f r o n t  f a c e  of t h e  box tightly 
a g a i n s t  t h e  e x i t  window of t h e  co l l ima to r .  I n  t h e  hinged l i d  a r e  a 
helium supply hose connect ion and two "acorn" head hold down b o l t s ,  A 
check va lve  i s  loca t ed  on t h e  r e a r  of t he  box j u s t  above t h e  b a l l a s t  
chamber. The check v a l v e  permits  p r e s s u r i z a t i o n  of t h e  box and evaeu- 
a t i o n  of water  when r a d i o a c t i v e  specimens a r e  being loaded underwater,  
Guide r a i l s  on t h e  s i d e  wa l l s  d i v i d e  t h e  box i n t o  two s e c t i o n s ,  
The r e a r  s e c t i o n ,  2.86 cm deep, p o s i t i o n s  t h e  c a s s e t t e  f o r  each rad io-  
graph. The 8,57 cm deep f r o n t  s e c t i o n  i s  a v a i l a b l e  f o r  specimens t o  be 
radiographed. 
The w a t e r t i g h t  c a s s e t t e  ( f i g .  5) i s  cons t ruc ted  of aluminum, The 
window i n  t h e  c a s s e t t e  i s  0.318 cm t h i c k  and has a  7.62 by 76 -2  cm p i c -  
t u r e  a r ea .  The c a s s e t t e  i s  loaded w i t h  a  0.013 cm t h i c k  indium corivertor 
f o i l  and two 0.102 cm t h i c k  cadmium backsca t t e r  s h i e l d s .  
THE RECORDING MICRODENSITOMETER 
The d e n s i t y  t r a c e s  used f o r  t h e  h e a t  t r a n s f e r  gap measurements were 
obtained wi th  a  Joyce-Loebl Mark 111 C double beam record ing  microdensi- 
tometer.  The opera t ion  of t h i s  instrument  is  based on a  t r u e  double beam 
l i g h t  system i n  which two beams from a  s i n g l e  l i g h t  source  a r e  switt;hed 
a l t e r n a t e l y  t o  a  s i n g l e  photomul t ip l ie r ,  I f  t h e  two beams a r e  of a d i f -  
f e r e n t  i n t e n s i t y  a  s i g n a l  i s  produced by the  photomul t ip l ie r ,  which, 
a f t e r  a m p l i f i c a t i o n ,  causes a  servomotor t o  move an  o p t i c a l  a t t e n u a t o r  
s o  a s  t o  reduce t h e  i n t e n s i t y  d i f f e r e n c e  t o  zero.  I n  t h i s  way a can- 
t i nuous ly  n u l l  balancing system is  obtained i n  which t h e  p o s i t i o n  of the  
o p t i c a l  a t t e n u a t o r  i s  made t o  record  t h e  dens i ty  a t  any p a r t i c u l a r  p a r t  
of a  specimen, 
Fueled Capsule Specimen 
The fue l ed  capsule  used i n  t h i s  i n v e s t i g a t i o n  was composed of a 
s t a c k  of seven annular  p e l l e t s ,  f i v e  of s t a i n l e s s  steel and two of par- 
t i a l l y  enriched uranium n i t r i d e .  The seven p e l l e t  a r r a y  was completely 
enclosed i n  a hafnium-tungsten-tantalum a l l o y  cladding and des igna ted  as 
the  f u e l e d  p in .  This  fue l ed  p i n  was sea l ed  i n  a type  304L s t a i n l e s s  
steel containment can ( f i g .  6).  The containment can i n s i d e  diameter  w a s  
machined l a r g e r  i n  approximately one h a l f  of t h e  can r e s u l t i n g  i n  two 
d i f f e r e n t  s i z e  h e a t  t r a n s f e r  gaps i n  t h e  completed capsule  ( f i g .  7 ) .  
Measurements were taken of t h e  i n s i d e  diameter of t h e  s t a i n l e s s  steel 
containment can and t h e  o u t s i d e  of t h e  fue l ed  p i n  be fo re  assembly. The 
l o c a t i o n  of t h e  measurements was i d e n t i f i e d  by an o r i e n t a t i o n  mark on 
the  o u t s i d e  of t h e  containment can. Measurements were a l s o  taken  a t  90' 
from t h e  o r i e n t a t i o n  mark. 
I n  t h e  f i n a l  experimental  assembly, two f u l l y  instrumented capsules  
of t h i s  type  a r e  encased i n  a p r o t e c t i v e  aluminum s h i e l d  ( f i g .  8). This  
moved t h e  capsule  f a r t h e r  away from t h e  convertor  f o i l  and a l s o  i n t r o -  
duced 2.5 cm of aluminum between t h e  capsule  and t h e  convertor  f o i l .  
Measurements were a l s o  made from neut ron  radiographs of t h i s  configura- 
t i o n  ( f i g .  9) . 
EXPERIMENTAL PROCEDURE 
C h a r a c t e r i s t i c s  of t h e  Neutron Beam 
The thermal neutron f l u x  (neutrons wi th  energ ies  between 0.01 and 
0.3 eV) a v a i l a b l e  a t  t h e  indium convertor  f o i l  v a r i e s  w i t h  t h e  c o n t r o l  
rod bank h e i g h t  throughout any r e a c t o r  power cyc le .  Since t h e  ITA-1 
thimble is loca t ed  i n  t h e  upper west f a c e  of t h e  co re ,  t h e  i n t e n s i t y  of 
t h e  neutron beam w i l l  i n c r e a s e  throughout a power cyc l e  a s  t h e  c o n t r o l  
rods a r e  withdrawn. 
To be  a b l e  t o  produce r epea t ab le  neutron rad iographs ,  i t  is neces- 
s a ry  t o  know t h e  thermal neutron f l u x  t o  w i t h i n  approximately 20 percent .  
Measurements of t h e  radiograph beam a t  t h e  image a r e a  have been made and 
t h e  r e s u l t s  a r e  given i n  appendix A. 
Optimizat ion of t h e  thermal neutron f l u x  f o r  rad iographic  c o n t r a s t  
had y i e lded  a va lue  f o r  t h e  t o t a l  thermal neut ron  f luence  of 1x1011 ~ / c m ~ ,  
as determined from t h e  thermal f l u x  map, and t h i s  f l uence  was used i n  
t h i s  i n v e s t i g a t i o n .  Since i t  was known t h a t  t h e  f l uence  va lue  w a s  h igh  
using t h e  f l u x  map ( see  appendix A) a gold f o i l  de te rmina t ion  was ob- 
t a ined  f o r  each of t h e  fou r  r a d i o  raphs  taken.  The va lues  obta ined  from 
t h e  gold f o i l s  were between 4x1018 and 5 x 1 0 ~ 0  N/cm2. 
5 
Radiograph Procedure 
The neutron radiographs were obtained by t h e  t r a n s f e r  method 
( r e f .  8 ) .  The c a s s e t t e  was loaded wi th  a 0,0127 cm t h i c k  indium coc- 
v e r t o r  f o i l ,  7.62 cm wide by 30.5 cm long. The indium was placea agal-ns t  
t h e  neutron window i n  t h e  bottom of t h e  c a s s e t t e  cav i ty ,  wi th  the cenr-.r 
of t h e  f o i l  i n  t h e  c e n t e r  of t h e  c a s s e t t e ,  Immediately behind the i a d l v n  
were placed two 0.102 cm t h i c k ,  by 7,62 an wide, by 76.2 cm long ,  cadmjlum 
backsca t t e r  s h i e l d s ,  The aluminum backpla te  was then  placed i n  t he  i as -  
s e t t e  c a v i t y  and t h e  assembly was bo l t ed  toge the r ,  A gold f o i l  was taped 
t o  t he  f r o n t  of t h e  c a s s e t t e  a t  approximately the  c e n t e r l i n e  of che neu- 
t r o n  beam, and t h e  c a s s e t t e  was loaded i n  t h e  sample ho lde r ,  
An aluminum p l a t e ,  0.213 cm t h i c k ,  and s i z e d  t o  f i t  t h e  sptximen 
s e c t i o n  of t h e  sample h o l d e r ,  was used t o  mount t h e  fue l ed  capsule ,  The 
capsule  was locked t o  t h e  p l a t e  s o  t h a t  i t s  c e n t e r l i n e  was 1.0 crn from 
t h e  convertor  f o i l  and i n  t h e  cen te r  of t h e  9.6 cm wide p i c t u r e  a r e a ,  
The capsule  o r i e n t a t i o n  mark was aligned with the t-~eutron beam6 
spacer  was placed i n  t he  specimen compartment of t h e  sample holder, 
nted  fue l ed  capsule  was i n s e r t e d  on top  of t h e  spacer  p l a c m g  i t  ig 
t h e  c e n t e r l i n e  of t h e  d ivergent  beam. 
The l i d  t o  t h e  sample holder  was c losed  and sea l ed  and t h e  holder  
purged wi th  helium. The sample holder  was lowered i n t o  t h e  quadrant  
water  t o  a p o s i t i o n  d i r e c t l y  above t h e  r e c e i v e r  a t  t h e  r e a r  of t h e  cox- 
l imator .  The sample holder  w a s  i n s e r t e d  i n t o  t h e  r e c e i v e r  and exposure 
time was s t a r t e d  when t h e  sample holder  was f u l l y  i n s e r t e d .  A s m a l l  
amount of helium was allowed t o  bubble out  of t h e  check va lve  in the 
sample holder  throughout t h e  exposure. Upon completion of t h e  ca l cu la red  
exposure t ime t h e  sample holder  was withdrawn from t h e  r e c e i v e r ,  depres- 
su r i zed ,  and removed from t h e  quadrant ,  The c a s s e t t e  was removed from 
t h e  sample ho lde r  and t h e  indium f o i l  unloaded, 
The indium f o i l  was placed between two lead  covered meta l  p l a t e s  
and taken t o  t h e  photo l a b .  The f o i l  was exposed t o  Kodak type X-ray 
f i l m  f o r  two minutes ,  Following t h i s  exposure, t h e  f o i l  was placed be- 
tween two p i eces  of Kodak, type R ,  s i n g l e  emulsion X-ray f i l m ,  wstli the 
emulsion s i d e  t o  t h e  f o i l .  This  layered  package was placed i n  a s tandard  
X-ray medical c a s s e t t e  and allowed t o  qecay f o r  t h r e e  b ~ u r s .  The type Bii 
f i l m  was developed immediately and provided a check on specimen o r i en t a -  
t i o n .  The type R f i l m  was used on a l l  dens i tome t r i c  measurements, The 
t ime of decay of t h e  f o i l  between removal from t h e  neutron beam and exgo- 
s u r e  t o  t h e  type R X-ray f i l m  was 1 5  minutes ,  
Standard X-ray f i l m  development techniques were adhered t o  f o r  all 
radiographs.  The temperature of t h e  s o l u t i o n s  was maintained a t  68' F, 
Developing time was 5 minutes ,  followed by 30 seconds i n  a stop-baeh wi th  
a g i t a t i o n ,  and then 5 minutes i n  a f i x e r  s o l u t i o n .  The f i l m  was washed 
i n  68' F running water  f o r  20 minutes and d r i ed  i n  a f i l m  d r i e r ,  
The procedure descr ibed  was followed t o  o b t a i n  a radiograph o f  the 
fue l ed  capsule  wi th  t h e  o r i e n t a t i o n  mark 90' t o  t h e  beam, The fue l ed  
capsule  was then  placed i n  t h e  aluminum p r o t e c t i v e  s h i e l d  and a  radio-  
graph taken a t  both t h e  O0 and 90' o r i e n t a t i o n .  
Microdensitometer Ca l ib ra t ion  
Ca l ib ra t ion  of t h e  microdensitometer was accomplished by scanning a  
L, 705 cm comparator s c a l e  divided i n t o  0,013 cm increments ,  us ing  a  scan- 
nsng slit 5x10 '~  meters  long and 2 , 5 ~ 1 0 - ~  meters  wide and she  l O : L  r a t i o  
I The 50 :1 r a t i o  arm was c a l i b r a t e d  us lng  a  0,003 em meta l lazed  
grating i n  a  5 -08  cm square g l a s s  s l i d e ,  Typical  c a l i b r a t i o n  t r a c e s  a r e  
shorn un figures 10 and 11, 
Microdensitometer Analysis  of Radiographs 
Each of t h e  radiographs of t h e  capsule  was analyzed us ing  t h e  re-  
cording microdensitometer.  Traces were taken ac ros s  t h e  diameter  of t h e  
capsule at  approximately t h e  c e n t e r l i n e  of t h e  top  f u e l  p e l l e t ,  t h e  t h i r d  
p e l l e t  f rom t h e  top ,  and t h e  bottom f u e l  p e l l e t .  The 5 x 1 0 ~ ~  meter long 
and 2 , 5 ~ 1 0 - ~  meter wide scanning s l i t  was used. The f i l m  being measured 
was placed  on t h e  t r a v e l i n g  s t a g e  of t h e  microdensitometer which was con- 
nected by a  1 0 : l  r a t i o  arm t o  another  t a b l e  on which a  pen r eco rde r  made 
a record of t h e  o p t i c a l  d e n s i t y .  Measurements were a l s o  made us ing  a  
50:L r a t i o  arm, F igure  12  i s  a  t y p i c a l  microdensitometer t r a c e  across  a  
fueled capsule  wi th  a h e a t  t r a n s f e r  gap, us ing  a  l 0 : l  r a t i o  arm. Fig- 
u r e  13 i s  a typ ica lmic rodens i tome te r  t r a c e  of j u s t  t h e  h e a t  t r a n s f e r  gap 
using a SO :I r a t i o  arm. 
In f i g u r e s  12  and 1 3 ,  t h e  d i s t a n c e  between the  maximum and minimum 
of the o p t i c a l  dens i ty  change i s  shown as  t h e  h e a t  t r a n s f e r  gap. Resul t s  
of an i n v e s t i g a t i o n  a t  t h i s  f a c i l i t y  had shown t h a t  t h i s  o p t i c a l  d e n s i t y  
change was t h e  h e a t  t r a n s f e r  gap a s  seen by t h e  neut ron  radiograph.  I n  
that i n v e s t i g a t i o n  a  l a r g e r  diameter capsule ,  cons t ruc ted  of t h e  same ma- 
t e r i a l s  a s  t h e  capsule  i n  t h i s  s tudy ,  was used. A sma l l  h o l e  was d r i l l e d  
i n  the t o p  of t h e  ou te r  containment can,  and t h e  h e a t  t r a n s f e r  gap was 
part;ia$ly f i l l e d  wi th  a  neut ron  poison (gadolinium n i t r a t e ) .  A neutron 
radiograph was taken and microdensitometer t r a c e s  obtained ac ros s  t h e  
d i m ~ e t e r  of t h e  capsule  i n  t h e  poisoned and nonpoisoned areas  of t h e  gap. 
An overlay of t h e  t r a c e s  showed t h a t  t h e  maximum of t h e  o p t i c a l  dens i ty  
change corresponded t o  t h e  inne r  w a l l  of t h e  containment can a s  seen  on 
the neutron radiograph. 
The shape of t h e  op t i>a l  d e n s i t y  change r ep resen t ing  t h e  h e a t  t r ans -  
f e r  gap can b e  seen i n  t he  microdensitometer c a l i b r a t i o n  curves which a r e  
b a s i c a l l y  t h e  same. The rounding of t h e  h e a t  t r a n s f e r  gap o p t i c a l  den- 
s i t y  change i s  due t o  t h e  c y l i n d r i c a l  shape of t h e  fue l ed  capsule ,  
4 
EXPERIMENTAL RESULTS AND DISCUSSION 
The c a l i b r a t i o n  of t h e  1 0 : l  r a t i o  arm of t h e  microdensitometer gave 
a  va lue  of 0.025 cm f o r  each 0.254 em on t h e  graph paper ,  
The c a l i b r a t i o n  of t h e  50 : l  r a t i o  arm of t h e  microdensitomecer gdve 
a v a l u e  of 0.005 cm f o r  each 0.254 cm on t h e  graph paper ,  
The r e s u l t s  of t h e  recorder  t r a c e  measurements and phys i ca l  measure- 
ments of t h e  h e a t  t r a n s f e r  gaps a r e  given i n  t a b l e  I. Agreement an 
Case I i s  w i t h i n  c0,005 cm i n  a l l  measurements except t h a t  of the th , rd  
p e l l e t  from t h e  top i n  t h e  90' o r i e n t a t i o n .  Since t h e  d2asitomete.r t race 
ac ros s  t h e  same p e l l e t  i n  t h e  00 radiograph agreed w i t h  the  phgs lca l  
measurement, and t h e  phys i ca l  measurements i n  t h i s  l a r g e r  gap a r e a  ~varicd 
a s  much a s  0,0048 em, it  was f e l t  t h a t  t h i s  was n o t  a s i g n i f i c a n t  dks- 
crepancy . 
This  was confirmed by t h e  t a b l e  I1 measurements of t h e  h e a t  transfer 
gap. I n  a l l  i n s t ances  i n  t h i s  case  t h e  microdensitometer measuremerrts 
agreed wi th  t h e  phys i ca l  measurements w i t h i n  0.005 cm. Table 11 measare- 
ments a l s o  showed t h a t  t h e  r e s o l u t i o n  of t h e  neutron radiograph f a c s l i t y  
is  no t  a f f e c t e d  by t h e  aluminum s h i e l d  around t h e  fue l ed  capsule  o r  the 
displacement of t h e  capsule  from the  convertor  f o i l .  
CONCLUDING REMARKS 
The method descr ibed  is  capable of measuring t o t a l  h e a t  transfer 
gaps t o  w i t h i n  t0.005 cm as  demonstrated by agreement w i th  preassemblcy 
phys i ca l  measur ~ m e n t s .  Heat t r a n s f e r  gap measurements from neut ron  
radiographs a l s o  have t h e  advantage of y i e l d i n g  two s i d e s  of the gap 
which i s  b e n e f i c i a l  i n  determining l o c a l i z e d  swel l ing .  It would be  well 
t o  no te  t h a t  t h e  accuracy quoted h e r e  may only b e  app l i cab le  t o  neutron 
radiographs taken a t  t h i s  f a c i l i t y .  The r e s o l u t i o n  and accuracy of e 
neutron radiograph a r e  dependent on t h e  co l l ima t ion  of t h e  thermal neu- 
t r o n  beam, 
A t  t h e  p re sen t  t ime t h i s  method i s  being used a t  t h i s  f a c i L i t y  8 0  
monitor h e a t  t r a n s f e r  gap changes i n  some twenty fue l ed  capsule  s i m 1 l . a . r  
i n  cons t ruc t ion  t o  t h e  dummy used,  A l l  of t h e s e  capsules  have a range 
of h e a t  t r a n s f e r  gaps from 0.061 t o  0.178 cm. Determinations of h e a t  
t r a n s f e r  gaps l a r g e r  o r  sma l l e r  than these  have not  been f u l l y  i n v e s t i -  
gated,  It is  probable t h a t  a t  some gap s i z e  l a r g e r  than  those  i n v e s r i -  
ga ted ,  t h e  divergence of t he  neutron beam w i l l  i n d i c a t e  a  l a r g e r  gap as 
measured from t h e  neutron radiograph. Small gaps w i l l  y i e l d  a small 
o p t i c a l  d e n s i t y  change and a t  some gap dimension accu ra t e  measurements 
w i l l  not  be  p o s s i b l e  due t o  t h e  r e s o l u t i o n  of t h e  co l l imated  thermal neu- 
t r o n  beam. 
The method descr ibed  i s  app l i cab le  t o  capsules  of o the r  c o n s t r u c ~ i o r r ,  
However, s i n c e  o the r  m a t e r i a l s  could cause s c a t t e r i n g  of t h e  neutron beam 
8 
o r  in t roduce  f a c t o r s  which could decrease  t h e  accuracy of t h e  measure- 
ments, c a l i b r a t i o n  runs would be necessary t o  e s t a b l i s h  l i m i t s  on accu- 
racy ,  
Lr has been observed t h a t  themocouples  sheathed i n  s t a i n l e s s  s t e e l ,  
if routed through t h e  h e a t  t r a n s f e r  gap, w i l l  g ive  erroneous measurements. 
However, thermocouples can be seen  on t h e  radiograph.  Normally tl: e e n t l  r e  
gap i s  not obscured s o  t h a t  t h e  a c t u a l  gap measurement can s t i l l  be  de ter -  
mixred . 
APPENDIX - NEUTRON AND GAMMA MAP OF NEUTRON 
EUJIIOGRAPH FACILITY - OCTOBER 1969 
Thermal and epi thermal  neutron f l u x e s ,  gamma dose r a t e s ,  and gold 
and cobal t  cadmium r a t i o s  were determined a t  bank he igh t s  from 50 cm t o  
about 71  cm. The r e s u l t s  of t h e  thermal f l u x  measurements a r e  shown rn 
f i g u r e s  1 4  and 15. The gamma dose r a t e ,  a t  two bank h e i g h t s ,  rs p l o t r e d  
i n  f i g u r e  16 .  The measured ep i thermal  f l u x e s  a r e  noted f n  t a b l e  TI: 
The cadmium r a t i o s  were found t o  be 19 ,7  f o r  gold and 4 7 , 3  f o r  c o b a l t  
The normal dosimetry,  gold w i r e s ,  l i t h ium f l u o r i d e  microrods,  an-- 
dium, s u l f u r ,  n i c k e l ,  magnesium, aluminum, and cobal t  were used t o  ob 
t a i n  t h e  measurements. They were pos i t ioned  i n  t h e  sample ho lde r  in the 
c a s s e t t e  a r e a  where t h e  indium conver tor  f o i l  would be  l o c a t e d ,  Cadmium 
backsca t t e r  s h i e l d s  were not  used behind t h e  dosimetry. Since the image 
a r e a  of t h e  rad iographic  f a c i l i t y  i s  surrounded by water  which a c t s  as 
an i s o t r o p i c  s c a t t e r i n g  p lane  f o r  thermal neut rons ,  a l l  of t h e  measured 
va lues  f o r  t h e  thermal neutron f l u x  were h ighe r  than  t h e  a c t u a l  bean 
thermal neutron f l u x .  
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TABU3 11. - DETERMINATIONS OF CAPSULE HEAT TRANSFER GAPS FROM NEUTRON RADIOGRAPHS 
Case 11. - Fueled capsule i n  aluminum shie ld .  
Neutron Capsule Trace locat ion Lever Lef t  Right Total  Physical  measurements 
radiograph or ien ta t ion  r a t i o  gap, gap 9 gap 3 i .d.  SS - 0.d. f u e l ,  
number cm cm cm cm 
278 90° Top f u e l  p e l l e t  10 : l  0.043 0.048 0.091 0.0912 
50 : 1 .043 .046 .089 .0912 
Third p e l l e t  10 :1 0.043 0.051 0.094 0.0907 
from top 50:l , .043 .051 .094 .0907 
Bottom f u e l  1 O : l  0.028 0.030 0.058 0.0602 
p e l l e t  50 :1 .030 .033 .063 .0602 
279 o0 Top f u e l  p e l l e t  10 : l  0.046 0.046 0.092 0.0945 
50 :1 .046 .046 .092 .0945 
~ h i r d  p e l l e t  1 O : l  0.051 0.048 0.099 0.0930 
f ropl top 50 :1 .048 .048 .096 .0930 
Bottom f u e l  1 O : l  0.030 0.033 0.063 0.0592 
p e l l e t  50 : 1 .030 .033 .063 .0592 
I5 
TABLE 111. - EPITHERMAL FLUX 
Position and 
bank height 
+25.4 cm, 49.8 cm 
+12.7 cm, 49.8 cm 
+O cm, 49.8 cm 
-12.7 cm, 49.8 cm 
+25.4 cm, 49.8 cm 
90 em, 67.6 cm 
Flux, neutrons/cm2-sec-ev/60 MW 
Figure I, - Cuiaway perspective drawing of reactor tank assembly, 
Figure 3. -The 4.57 meter divergent neutron collimator is shown here butteo 
to the ITA-1 thimble. The water tight sample holder is positioned in the 
receiver. 
Figure 4. - The watertight specimen holder, loaded cassette and 
a specimen mounted on a spacer. 
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- - 1 .  8 :  
Figure 10. - Calibration trace of microdensitometer 10:l 
d 1 ratio arm. 
. 
Figure 9. - A neutron radiograph of the fueled capsule i n  the 
protective aluminum shield. 
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ROD BANK 
HEIGHT, 
C M  
I 
1 0  1 1 1  1 I 
60.9 M.840.6 30.5 20.7 10.2 0 -10.2-20.7-30.5-40.6-M.8 
DISTANCE ABOVE COLLIMATOR VERTICAL MIDPLANE, CM 
Figuri! 14. - Neut ron radiograph faci l i ty thermal  f lux  vert ical 
traverse. 
I 
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1 WALL 
I I 
0 I I l l  I l l  I 5.08 2.54 0 2.54 5.08 
LEFT RIGHT 
DISTANCE FROM COLLIMATOR HORIZONTAL MIDPLANE, C M  
Figure 15. - NRF thermal  flux hor izonta l  traverse data on 
vert ical midplane, 57 7 cm rod bank height. LeR-r lght 
orientat ion IS  facing beam o r i g i n  
ROD BANK 
HEIGHT, 
CM 
Dl STANCE ABOVE COLLIMATOR VERTICAL MIDPLANE, CM 
Figure It. - Neutron radiograph facil ity gamma dose rate 
vertical traverse. 
